Abstract-Full-duplex (FD) communication is optimistically promoted to double the spectral efficiency if sufficient selfinterference cancellation (SIC) is achieved. However, this is not true when deploying FD-communication in a large-scale setup due to the induced mutual interference. Therefore, a largescale study is necessary to draw legitimate conclusions about gains associated with FD-communication. This paper studies the FD operation for underlay device-to-device (D2D) communication sharing the uplink resources in cellular networks. We propose a disjoint fine-tuned selection criterion for the D2D and FD modes of operation. Then, we develop a tractable analytical paradigm, based on stochastic geometry, to calculate the outage probability and rate for cellular and D2D users. The results reveal that even in the case of perfect SIC, due to the increased interference injected to the network by FD-D2D communication, having all proximity UEs transmit in FD-D2D is not beneficial for the network. However, if the system parameters are carefully tuned, non-trivial network spectral-efficiency gains (64% shown) can be harvested. We also investigate the effects of imperfect SIC and D2D-link distance distribution on the harvested FD gains.
HD-D2D communication in cellular networks [1] , [4] [5] [6] , [19] , [20] . Hence, it is hard to predict whether FD communication would improve or diminish the D2D gains due to the imposed interference. Therefore, studies for the FD-D2D effect on the aggregate interference in cellular networks are required. In this context, stochastic geometry provides a powerful mathematical tool that can be exploited to characterize the impact of interference associated with FD-D2D communication.
Stochastic geometry has succeeded to provide a unified mathematical paradigm to model large-scale networks and characterize their operation [21] [22] [23] [24] [25] [26] [27] . Using stochastic geometry, the operation of HD-D2D communication is studied in [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] and promising performance gains are reported. Also, several studies for FD communication in large-scale cellular networks are conducted via stochastic geometry [28] [29] [30] [31] [32] , however, the FD communication is employed at the cellular link. When FD is employed at the cellular link, high rate improvement is observed for the downlink [28] [29] [30] . However, the authors in [31] and [32] show that the downlink rate improvement may come at the expense of high degradation in the uplink rate due to the high disparity between the uplink and downlink transmit powers. The authors in [29] report that FD communication offers rate improvement in both the forward and the reverse links when both have equivalent transmit powers. Although the model in [29] is not for cellular networks, it motivates implementing FD communication to D2D links rather than to the cellular links due to the comparable UEs transmit powers. To validate the FD-D2D benefits, an explicit study for its operation in a large-scale setup is required.
In this paper, we develop a tractable analytical framework, based on stochastic geometry, for a single tier cellular network underlaid with D2D devices that share the cellular uplink resources and have FD communication enabled. The developed model accounts for a flexible D2D link distance distribution that captures different social interactions between the D2D devices. The UEs have limited transmit powers, employ truncated channel inversion power control, and follow a flexible D2D and FD/HD mode selection criterion. Based on the developed model, the FD-D2D enabled cellular network performance is assessed under perfect and imperfect self-interference assumptions. While imperfect SIC represents a practical operation scenario, perfect SIC has theoretical significance because it shows the explicit contribution of the FD-D2D communication to the aggregate interference level and reveals the subsequent effects on network performance. Different from [1] , [4] [5] [6] , [19] , and [20] where the cellular network was overlaid with HD-D2D, a cellular network overlaid with FD-D2D is considered in this work. Additionally, different from [29] where a FD ad-hoc network is considered, this work considers FD enabled in ad-hoc setting (D2D) overlaid with the cellular network. The contributions and findings of the paper can be summarized as follows:
• The tradeoff, imposed by FD-D2D communication, between increasing the aggregate network interference and improving the spatial frequency reuse is mathematically modeled in terms of outage probability, defined as the probability that the SINR falls below a predefined threshold θ , and the ergodic rate, defined by the seminal Shannon capacity formula.
• We propose a flexible D2D and FD/HD mode selection and power control mechanism to balance the outage probability and spatial spectral efficiency tradeoff imposed by FD-D2D communication. The proposed mode selection and power control mechanisms are tailored to enable D2D communication, either in FD or HD modes, as long as a certain extent of interference protection (IP) is enforced for cellular users.
• The paper shows that enforcing FD-D2D communication may highly deteriorate the network performance due to the increased aggregate interference level in the network.
On the other hand, non-trivial gains can be harvested from the underlay FD-D2D communication with the proper design of the power control mechanism and D2D FD/HD mode selection criteria. For instance, the results show 64% and 254% spatial spectral efficiency gains harvested by the proposed FD-D2D communication when compared to the HD-D2D communication and conventional (i.e., D2D disabled) cellular network counterparts, respectively.
• The paper quantifies the gains that can be obtained by FD-D2D communication in terms of aggregate network throughput, per user throughput, and transmit power reduction. The paper also shows that there exist optimal values for the design parameters that maximize each of these gains.
• From a mathematical perspective, an accurate approximation for the distance between the D2D-receiver and its closest BS is proposed, which is mandatory for modeling and designing the FD-D2D operation. The rest of the paper is organized as follows: Section II describes the system model. The statistics of the the link distances and UE classification are explained in Section III. The analysis of transmit power statistics is covered in Section IV. The assumptions made and SINR analysis are covered in Section V. Section VI presents the results and Section VII concludes the paper.
Notations: The mean of the RV X is denoted by E[X]. The probability of event A is given by P(A). The ordinary hypergeometric function is denoted by 2 F 1 (., .; .; .). Also, we
0 e −t 2 dt, and erfc(x) = 1 − erf(x). A list of the symbols employed in this paper is given in Table I. 
II. SYSTEM MODEL

A. Network Model
We model a single-tier D2D-enabled cellular network, in which the D2D links are allowed to share the uplink cellular spectrum. The D2D UEs are equipped with FD transceivers and are allowed to operate in FD mode. Imperfect SIC is assumed such that 0 ≤ ζ ≤ 1 fraction of the transmit power leaks back into the receiver chain of the FD transceiver. We define the cellular link as the link from a UE to a BS, the forward-D2D (f-D2D) link as that from the D2D-transmitter to the D2D-receiver, and the reverse-D2D (r-D2D) link as that from the D2D-receiver to the D2D-transmitter. Hence, we refer to the D2D-transmitter that can transmit in f-D2D mode as the f-D2D UE, and the D2D-receiver that can transmit in the r-D2D mode as the r-D2D UE. Note, we use the term D2D UEs to refer to both f-D2D and r-D2D UEs. Consequently, the FD-D2D mode is active only if both the f-D2D link and r-D2D link are established between a D2D transmit-receive pair as shown in Fig. 1 . As will be discussed later, we enable a flexible and disjoint mode selection scheme for the f-D2D and r-D2D links.
Independent Poisson Point Processes (PPPs) and c are used to model the cellular BSs and the cellular UEs with intensities λ and λ c , respectively. We assume λ c λ so that each BS always has a UE to serve. Cellular UEs associate to BSs based on the average radio signal strength (RSS), which reduces to the nearest BS association in single-tier networks. When multiple UEs associate to the same BS, they equally share its resources. The cellular network is overlaid by potential D2D transmitters modeled via an independent PPP d with intensity λ d . Each D2D-transmitter (f-D2D UE) has a D2D-receiver (r-D2D UE) located within the D2D-proximity and can therefore bypass the BS and communicate in the D2D mode. The D2D-proximity is defined as the region where the D2D-transmitter is able to invert path-loss and achieve at least a power of ρ min at its receiver while satisfying a maximum power constraint, where ρ min is the receiver-sensitivity. Note, a D2D UE does not necessarily transmit in the D2D mode; it transmits in the D2D mode only if it satisfies the criteria required for D2D communication explained in the next subsection. D2D UEs that do not select the D2D mode are offloaded to out of band frequencies. 2 The performance of such D2D nodes is out of the scope of this paper as they do not affect either the interference or the spectral efficiency within the band of interest.
From the PPP assumption, the cellular link distance distribution, denoted by r c , is given by f r c (x) = 2πλxe −πλx 2 , x ≥ 0. There is no common agreement on the D2D link distance distribution in the literature as it may depend on the underlying application as well as the social interactions between the D2D UEs [1] , [33] . Therefore, we adopt the flexible distribution suggested in [33] , which is given by
where r d is a random variable (RV) denoting the D2D link distance,R = (
is the maximum transmission range of the D2D UE, and 0 ≤ ω < 2 is a control factor for the distance distribution. Substituting ω = 0 in f r d (·) gives the no social interaction case where the D2D receiver is uniformly 2 The offloading effect of D2D users to cellular mode and vice versa is studied in [19] and [20] . However, the offloading effect is not considered in this paper to avoid unnecessary complications to the analysis without providing additional insights. located in a circle with radiusR around the D2D transmitter as in [19] . Also, ω = 1 represents the case of equiprobable distances in the range of [0,R] as in [20] , and 1 < ω < 2 represents the case with high social interactions which gives higher weights to shorter D2D link distances. It is worth noting that the distance from an f-D2D UE to its nearest BS is identical in distribution to r c and so we denote it by r c as well. However, the distance from the r-D2D UE to its nearest BS is denoted by r e and follows the distribution proposed in the next section.
A distance dependent power-law path-loss model is considered in which the signal power decays at the rate r −η with the distance r , where η > 2 is the path-loss exponent. Since the D2D and cellular links may experience different propagation conditions, we discriminate between the path-loss exponents of the f-D2D link (η d ) and the cellular link (η c ). Assuming channel reciprocity, the r-D2D link has the same path-loss exponent as the f-D2D link. In addition to path-loss attenuation, transmitted signals experience Rayleigh fading with unit-mean exponential channel power gains. It is assumed that the channel gains are independent from the locations of the transmitters, receivers, and independent from one another.
It is assumed that all UEs have a unified maximum transmit power constraint of P u . Due to the limited transmit power of the UEs, a truncated channel inversion power control is employed. Hence, only UEs that can compensate for the pathloss and maintain a predefined average power level at their receivers are allowed to transmit. The cutoff threshold for the power control of each of the communication modes is different; for link establishment we require the transmitters to maintain an average power of ρ χ at their respective receivers, where χ ∈ {c, d, e} corresponds to {cellular, f-D2D, r-D2D} modes. Such decoupled power control thresholds offer flexible network design and lead to an enhanced network performance. For the sake of simple presentation, we define
. A cellular (f-D2D, r-D2D) connection can therefore be established if the power required to achieve ρ c (ρ d , ρ e ) at the base station (r-D2D UE, f-D2D UE) does not exceed P u , otherwise the transmitting UE goes into truncation outage. Due to the PPP assumption, the cellular-truncation outage probability can be expressed as
Universal frequency reuse is assumed across the entire network with no intra-cell interference between cellular users. D2D links reuse the same uplink frequency with no restrictions on cell boundaries, but subject to the mode selection criterion described in the sequel. Without loss in generality, we analyze the system for one uplink channel.
B. Mode Selection
We consider a flexible mode selection criterion based on the bias factor T d to impose a tunable IP for the BSs. The IP is enforced via the following mode-selection inequalities r
c ρ c and r
e ρ c , for the f-D2D and r-D2D UEs, respectively. In particular, the f-D2D does not operate in the D2D mode unless r
c ρ c is satisfied and the r-D2D does not operate in the D2D mode unless r
e ρ c is satisfied. These inequalities, denoted by IP conditions, ensure that a D2D link is not established unless the average interference power from the transmitting D2D UE (i.e. f-D2D or r-D2D) to its nearest BS is strictly less than T d ρ c , in which T d is a tunable design parameter to control the D2D contribution to the aggregate interference level. Consequently, T d controls the extent to which D2D is enabled in the network. Setting T d = 0 turns off D2D communication (both f-D2D and r-D2D) altogether and nullifies the D2D interference, while T d = ∞ enforces D2D communication with no constraint on the D2D interference. Note that the D2D power control cutoff thresholds ρ d and ρ e can be also manipulated to encourage/discourage f-D2D and r-D2D link establishment, respectively, for a given T d without affecting the cellular IP (i.e., T d ρ c ). The employed mode selection scheme is summarized as follows:
• f-D2D UEs transmit in the f-D2D mode if they satisfy the IP-condition and maximum transmit power constraint. Otherwise, they go into truncation outage. 3 • r-D2D UEs transmit in the r-D2D mode if they satisfy the IP-condition and maximum transmit power constraint. Otherwise, they go into truncation outage.
C. Methodology of Analysis
We begin by analyzing the probability density functions (PDFs) of the link distances. This is followed by calculating the probabilities of transmitting in the f-D2D and r-D2D modes, and the probability of a D2D pair being in FD. The PDFs of the transmission powers in each mode of operation is then evaluated and the moments of the transmission powers are found. We characterize the SINR by its cumulative distribution function (CDF), which requires calculation of the Laplace transforms (LTs) of the interferences PDFs. We use the CDF of the SINR to infer link outage probability and spectral efficiency. To this end, we evaluate the FD-D2D enabled cellular network performance in terms of coverage, network spectral efficiency and power consumption. For the sake of brevity, we define the network of interest as a cellular network overlaid with FD-D2D that has BS intensity λ, D2D-UE intensity λ d , D2D link distance distribution f r d (·), uniform f-D2D and r-D2D orientation, biasing factor T d , and power control cutoff thresholds ρ c , ρ d , and ρ e for the cellular, f-D2D, and r-D2D modes, respectively.
III. ON LINK DISTANCES AND UE CLASSIFICATION
A. Link Distance Analysis
Based on the network realization and the relative positions of the f-D2D and r-D2D UEs, an f-D2D−r-D2D pair may or may not share the same nearest BS. Conditioning on the relative positions of the f-D2D UE, the r-D2D UE, and the nearest BS to the f-D2D UE, Fig. 2 shows two different instances of the shaded crescent formed by the two disks, namely, the red disk centered at the r-D2D UE with radius r c 2 , and the blue disk centered at the f-D2D UE with radius r c . If a BS exists in the shaded crescent area, then the f-D2D and r-D2D UEs will not share a common nearest BS. Note that, by definition, a BS may only exist outside the circle of radius r c around the f-D2D UE, as the BS in Fig. 2 is the nearest BS to the f-D2D UE. Consequently, the region where the r-D2D UE may have a nearer BS is limited by the area of the shaded crescent shown in Fig. 2 . The area of the shaded crescent depends on the relative values of the D2D link distance r d , the distance between the f-D2D UE and its nearest BS r c , and the distance between the r-D2D UE and the BS nearest
Let r e be the distance between the r-D2D and its nearest BS. Then, r e = r c 2 if the shaded crescent contains no BS. Otherwise, r e < r c 2 .
Finding the distribution of r c 2 is by itself a difficult problem because it is a function of three random variables, let alone the distribution of r e which is a function of r c 2 . Therefore, we propose a Rayleigh PDF approximation for the PDF of r e and verify its accuracy by simulations.
The intuition behind our approximation is to use a Rayleigh distribution for r e , which stems from the fact the the closest point from a 2-D PPP to any point in R 2 follows the Rayleigh distribution. Exploiting the moment matching method, we only need the mean of r e for the Rayleigh distribution fitting. The following proposition formalizes the approximation of the distribution of r e .
Proposition 1:
The distance between the r-D2D UE and its nearest BS (which may not be the same BS closest to its f-D2D UE) in the network of interest is accurately approximated by the following Rayleigh distribution:
where μ r e is an approximation of E[r e ] and is given by
In (3), P r e =r c 2 denotes the probability that the BS closest to the f-D2D UE is not the closest to the r-D2D UE and is given by P r e =r c 2 = 1 − e −λ A , where is the average area of the shaded crescents shown in Fig. 2 , and fθ
. The probability that the f-D2D UE lies closer to the r-D2D UE than its nearest BS is 
where:
Proof: See Appendix A. 
B. UE Classification
The probabilities that D2D transmitters and receivers select their respective modes of operation are given by the following:
Lemma 1: The probability that an r-D2D UE in the network of interest transmits in the r-D2D mode is given by
The intensity of the r-D2D links (i.e., intensity of transmitting r-D2D UEs) is given by U e = λ d P e . Proof: See Appendix B. Lemma 2: The probability that an f-D2D UE in the network of interest transmits in the f-D2D mode is given by
The intensity of the f-D2D links (i.e., intensity of transmitting f-D2D UEs) is given by
Proof: See Appendix B. Lemma 3: The probability that a D2D pair is in FD, i.e. both f-D2D and r-D2D UE are transmitting, in the network of interest is given by
IV. TRANSMIT POWER ANALYSIS
Due to the random network topology along with the employed truncated channel inversion power control, the transmit powers of the cellular, f-D2D, and r-D2D communication modes are all random variables. In this section, we characterize the PDF of the transmit powers of each mode as well as their moments.
1) Forward-D2D Mode: An f-D2D UE selects the f-D2D mode of operation if 1) it satisfies the maximum transmit power constraint, i.e. r In the network of interest the PDF of the transmitpower of a UE operating in the f-D2D mode is given by,
Proof: See Appendix D. 2) Reverse-D2D Mode: An r-D2D UE selects the r-D2D mode of operation if 1) it satisfies the maximum transmit power constraint, i.e. r Lemma 5: In the network of interest, the PDF of the transmit-power of a UE operating in the r-D2D mode is given by,
for 0 ≤ x ≤ P u , and the α th moment of P e is,
Proof: See Appendix E. Lemma 6: In the network of interest, the PDF of the transmit-power of a UE operating in the cellular mode is,
and the α th moment of the transmit power is given by,
Proof: See Appendix F. The intensity of the cellular UEs that are not in truncation is given by (1 − O p )λ c . Since only one UE is allowed to transmit per BS at a time on a given channel, the number of simultaneous transmitting cellular UEs on the same channel is limited by the number of BSs. Hence, the intensity of simultaneously active cellular UEs is limited by λ.
V. SINR ANALYSIS
Let the Point Processes (PP) c ⊂ c and d ⊂ d denote the set of interfering cellular UEs and the set of interfering f-D2D UEs, respectively. Also, we define e as the set of interfering r-D2D UEs. Although we have assumed c and d to be independent PPPs, neither c nor d is a PPP and both are mutually correlated due to their interactions (i.e., by scheduling and mode selection) with . Furthermore, e is mutually correlated with d , and hence, is not a PPP. For tractability, we ignore the mutual correlations between c , d , and e , and assume that each of them constitutes an independent PPP. We formally state these approximations as follows:
Approximation 1: The set of interfering cellular UEs ( c ) constitutes a PPP with with intensity λ, in which the transmit powers of the UEs are independent.
Approximation 2: The set of interfering f-D2D UEs ( d ) constitutes a PPP with intensity U d , in which the transmit powers of the UEs are independent.
Approximation 3: The set of interfering r-D2D UEs ( e ) constitutes a PPP with intensity U e , in which the transmit powers of the UEs are independent.
Approximation 4: The sets c , d , and e are independent of one another.
Remark: It is worth mentioning that Approximations 1, 2, 3, and 4 only ignore the mutual correlations between interfering UEs. However, the correlation between the interfering UEs and the test-receiver is captured though the proper calculation of the IP boundaries. Similar approximations are done in [1] , [19] , [34] , and [35] for tractability, and are shown to be accurate. Such approximations maintain the model tractability and lead to simple yet accurate expressions for the distribution of the SINRs for each mode of operation. The accuracy of the aforementioned approximations and the distribution of r e in Proposition 1 are validated in Section VI of this paper.
We characterize the SINR by its CDF. For notational convenience we have defined the set χ ∈ {c, d, e} where c, d, and e denote the cellular, the f-D2D, and r-D2D modes of operation, respectively. Hence, we can define a unified SINR expression for all modes of operation as
where the noise power is denoted by σ 2 , I κχ is the interference from UEs transmitting in mode κ (∈ {c, d, e}) to the receiver of the UE transmitting in mode χ, and ½ F D is the event that both the f-D2D and r-D2D UEs are active i.e. the FD-D2D mode is active. For χ = c, ½ F D = 0; for χ ∈ {d, e}, ½ F D is 1 with probability P F D and is 0 otherwise. The
P κ i h i ||y − u i || −η χ , where y and u i denote the positions of the test receiver and the i th interferer, respectively, P κ i denotes the transmit power of the i th interferer, and h i denotes the channel between the i th interferer and receiver. The SINR outage is evaluated as:
where the second equality follows from the exponential distribution of h 0 , and L X (s) denotes the LT of the PDF of the RV X evaluated at s. It is worth noting that at the event
In particular, when the imperfect SIC scenario is considered, the SINR outage for the f-D2D and r-D2D UEs (χ ∈ {d, e}) is calculated as
weights account for the fraction of the D2D UEs transmitting in FD and HD, respectively. For the perfect SIC scenario, (5) can be used directly (with L P χ (0) = 1). The LTs for the aggregate interferences are given by the following lemma.
Lemma 7: For the network of interest, the LTs of the interferences PDFs are:
Proof: See Appendix G. An important scenario of interest is the case of η c = 4, which does not only simplify the analysis but also represents a practical value for outdoor cellular communications in urban environments [21] , [22] , [24] [25] [26] [27] .
Corollary 1: For the network of interest, at path-loss exponent η c = 4, the LTs of the interferences the cellular UEs experience from each communication mode reduce to:
Proof: Simplify the expressions in Lemma 6 at η c = 4.
Using the LTs of the interference PDFs, the outage probabilities of the D2D and cellular links are given in the following theorem:
Theorem 1: For the network of interest with residual SI fraction ζ , the success probability for a UE operating in the cellular mode is given by (6) , as shown at the bottom of the next page, in general and by (7) , as shown at the bottom of the next page, when η c = 4, the success probability for a UE operating in the f-D2D mode is given by (8) , as shown at the bottom of this page, and the success probability for a UE operating in the r-D2D mode is given by (9) , as shown at the bottom of this page.
Proof: Using (5) and the LTs of the interferences found in Lemma 6, we obtain the SINR outage probability expressions for each mode of operation.
Let ξ(t) = (e t −1) ρ χ ; the link spectrum efficiency for a UE operating in mode χ is given by R χ ,
In particular, the link spectrum efficiencies are,
The SINR CDFs and the spectral efficiencies are the core contributions of this paper which allow us to analyze the cellular network with FD-enabled D2D. Theorem 1 is validated against system level simulations in the next section.
VI. RESULTS AND ANALYSIS
In this section, we validate the developed mathematical model and benchmark the FD-D2D operation against the D2D enabled cellular network with HD UEs, denoted as the HD-network, and the traditional cellular network where D2D is disabled. The cellular network overlaid with FD-D2D being considered in this work will be referred to as the FD-network. Let A χ be the probability of the joint event that a randomly selected user is operating in mode χ and is not in truncation outage, PUR(χ) and PCR(χ) be the average per-user rate and average per-cell rate, respectively, of mode χ, (χ) be the intensity of users operating in mode χ, and Tx(χ) be the average transmit power of users operating in mode χ, where the value of each of these parameters in each network scenario is given in Table II . Note that PUR(c) in Table II has a multiplication factor of reflects the share each user get from the uplink spectrum when equal sharing among the users is assumed. On the other hand, PCR(c) does not incorporate the two hops or the spectrum sharing factors because we look at the total uplink rate from the BS side. Assuming a round robin scheduling for the cellular UEs, Tx(c) is also multiplied with the factor β to reflect the activity of the UEs.
As shown in Table II , cellular and f-D2D links share the spectrum in the HD-network, while the spectrum is explicitly used by cellular links in the traditional cellular case. Therefore, the rates in Table II 
From the user side, we define two performance metrics to assess the per-user gain in the FD-network when compared to the HD-network and traditional network. The first metric is the per-user rate, defined as T avg = χ A χ PUR(χ). The second metric is the average transmit power, defined as P avg = χ A χ Tx(χ). The performance gain from the network side is evaluated by the network throughput, which is defined as T n = λ χ PCR(χ). 
A. Parameter Selection
In Sections VI-B−VI-E, we focus on the FD-network performance assuming perfect SIC (i.e., ζ = 0) to study the explicit contribution of the FD communication to the aggregate interference and the subsequent effect on outage and rate. Once FD-D2D gains over the HD and traditional networks are highlighted, the effect of imperfect SIC is studied (i.e., ζ > 0) in Section VI-F. Section VI-G focuses on the effect of the link distance distribution and so assumes perfect SIC. For the simulation scenario, unless stated otherwise, the parameter values in Table III are used. Proposition 1 is used for the distribution of f r e (x) in the analysis.
For a fixed ρ c , we control our network using three main parameters: r 1 , r 2 , and T d . In particular, r 1 controls the power required at both the f-D2D and r-D2D UEs; decreasing r 1 implies higher ρ d and ρ e at the receiver UEs. Using r 2 we control the power required at the r-D2D link's receiver only; decreasing r 2 implies higher ρ e at the f-D2D UEs. The amount of IP provided to BSs is controlled by T d ; increasing T d loosens the IP conditions by increasing the maximum allowed interference (i.e., T d ρ c ), which allows more f-D2D and r-D2D UEs to satisfy the mode selection inequalities and transmit. Table IV summarizes the effects of varying r 1 , r 2 , and T d on the network, where (↑), (↓), and (−) denote increase, decrease, and no change, respectively.
B. Model Validation
We first validate Approximations 1, 2, 3, and 4, as well as Proposition 1 for an FD-network by showing that the analysis is a good estimate of the simulations. Note that the simulation does not enforce any of these approximations. In each simulation run, a PPP cellular network with BS intensity λ is simulated in a 1000 km 2 area. We then generate cellular and f-D2D UEs with intensities λ c and λ d , respectively. For each f-D2D UE, an r-D2D UE is generated within a radius ofR according to the PDF in (1). The cellular UEs are scheduled to transmit if they are not in truncation and if there is no other UE scheduled in the same Voronoi cell. The f-D2D and r-D2D UEs are scheduled to transmit if they satisfy the maximum transmit power constraint and IP. All UEs employ channel inversion power control. Fig. 4 is a plot of SINR outage against θ with r 1 fixed to 1 (i.e. ρ d = ρ c ). The figure shows that increasing r 2 (i.e. decreasing ρ e ) worsens SINR for all three communication modes. This occurs due to the increase in the number of transmitting r-D2D UEs which increases network interference. The r-D2D mode, however, is impacted significantly more than the cellular and f-D2D modes as increasing r 2 not only increases interference but also worsens the received signal power (ρ e ) of the r-D2D mode. Fig. 5 shows the SINR outage of all three communication modes increases when r 1 is increased (for fixed r 2 and T d ) and when T d is increased (for fixed r 1 and r 2 ). Increasing r 1 and T d each increases outage due to the increased interference that results. However, r 1 impacts the f-D2D and r-D2D modes more significantly than the cellular mode as it additionally affects their received signal powers. Since varying T d only affects the network interference, the impact on the SINR of all three communication modes is similar. This difference in sensitivity to the parameters r 1 and r 2 gives the network operator the ability to alter the respective parameter if the performance of one of these modes needs to be altered without affecting the other modes too much, thereby giving flexibility to control the performance of a mode without affecting the other modes significantly.
C. Effects of the Interference Protection Condition
Increasing T d decreases the amount of IP for the cellular mode and thereby allows a larger number of D2D UEs to transmit. This increases spatial frequency reuse but also increases network interference. Hence, T d imposes a tradeoff between the number of simultaneously active links and the transmission rate per link.
We first show the network throughput vs T d for the FD-network and HD-networks normalized w.r.t. the traditional cellular network in Fig. 6 . Note that T n of the traditional cellular network does not change with T d as D2D communication is prohibited. The figure shows the existence of an optimal T d that maximizes the network throughput. An optimal T d exists because increasing T d , at first, has a larger positive impact on the overall performance by increasing the number of transmitting D2D UEs, thereby increasing spatial frequency reuse. Beyond the optimal T d , the negative impact of the D2D interference dominates the network performance and increasing T d deteriorates the network throughput. An important observation from the figure is that the FDnetwork offers non-trivial throughput gains when compared to the HD-network and traditional cellular network, 64% and 245%, respectively. These high gains are observed because we look at the performance from the network perspective in which the FD-network allows an additional U e and additional (U d + U e ) links per unit area to efficiently reuse the spectrum when compared to the HD-network and traditional network, respectively. It is also worth mentioning that the HD-network allows an additional U d links per unit area to reuse the spectrum compared to the traditional network, which gives 110% increase in the throughput.
The D2D bias factor T d also affects the average transmit power, P avg , of the D2D devices as shown in Fig. 7 . The figure shows that D2D communication generally reduces the average transmission power when compared to the traditional cellular network for low values of T d . This occurs because low T d only allows D2D UEs that have lower path-loss attenuation to transmit which reduces the transmission power due to the employed channel inversion power control. Also, for lower T d , the FD-network offers a lower power consumption than the HD-network because it allows a larger number of devices to exploit good channel conditions and communicate in the D2D mode. However, for larger T d , UEs with higher transmitpowers are allowed to transmit; since, the FD-network allows a larger number of these than the HD-network, its average power consumption exceeds the HD-network's. Interestingly, the T d that optimizes spectral efficiency (cf. Fig. 6 ) falls in the region that offers high transmit power reduction w.r.t. the traditional network, implying that using the correct value of T d enables the network to simultaneously consume less power per transmitting UE and gain maximum throughput. Fig. 8 shows the negative impact of the increased D2D communication on the explicit SINR outage of each mode of operation for all values of T d . In particular, for each mode of operation (cellular, f-D2D, and r-D2D), inducing more D2D communication deteriorates the SINR outage. Hence the SINR outage of common modes of operation is highest for the FD-network, followed by the HD-network, and finally the traditional cellular network. Also, the figure manifests the crucial role of IP on the cellular network outage probability and the drastic rate of outage increase with increasing T d . Figs. 6 and 9 clearly show the tradeoff between spectral efficiency and outage probability. It could be concluded that despite the increased outage probability, the overall network capacity increases due to the improved spatial frequency reuse. It is worth mentioning that the high numerical values for outage probabilities in Figs. 8 and 9 are common in stochastic geometry based analysis due to the simplified system model and the employed simplistic interference management scheme to maintain tractability. Nevertheless, despite the increased outage, FD-D2D communication provides potential gains to the per-user as well as the aggregate network throughputs in cellular networks. In practice, the ignored effect of shadowing and propagation along with employing more sophisticated interference management schemes are expected to reduce SINR outage and increase the harvested FD-D2D gains.
D. Effects of the Distance Cut-Off for the FD Mode
Increasing r 2 (i.e. decreasing ρ e ) decreases the power required by r-D2D UEs to invert their channel and thereby increases the number of transmitting r-D2D UEs. This increases spatial frequency reuse but also increases network interference. Additionally, the received intended signal power of the r-D2D links decreases. Fig. 10 shows the existence of an optimal r 2 that maximizes T avg . An optimal exists because increasing r 2 , is beneficial at first as it increases the number of transmitting r-D2D UEs that make a useful contribution to the network. Increasing r 2 beyond this causes deterioration to the overall performance due to the increased interference, as well as due to the decreased power of the intended signal of the r-D2D UEs (i.e., ρ e ). Fig. 10 shows that at the optimal r 2 , the FD-network outperforms the HD-network by 18%. Both the HD-network and the FD-network outperform the traditional cellular network significantly. The high performance gain offered by the D2D communication (both FD-D2D and HD-D2D) w.r.t. the traditional cellular network can be attributed to the explicit utilization by each D2D link for the available uplink channel when compared to the share β that UEs get when scheduled in the cellular mode. Furthermore, D2D communication establishes a direct (i.e., one-hop) link between two UEs compared to the two-hop (i.e., uplink then downlink) communication via the BS. channel to the receiver becomes the bottleneck of truncation outage and not the inability to comply with the IP-condition. At the same time we see that increasing T d , which allows more f-D2D and r-D2D links, increases SINR outage. Increasing T d allows more D2D transmissions that cause more interference to the BSs; this occurs either when the links have high power and/or when the transmitting UE is closer to the BS.
E. Analyzing Truncation and SINR Outage
F. Effects of Imperfect SIC
In this set of results, we investigate the effect of imperfect SIC on the FD-D2D network performance. First, we look at SINR outage probability for different values of the residual SI fraction ζ in Fig. 12 . As expected, increasing ζ deteriorates the outage probability for f-D2D and r-D2D UEs due to the increased residual SI. It ought to be highlighted that only a fraction P F D of the f-D2D and r-D2D links operate in FD and experience residual SI. Additionally, in Fig. 12 , we note that the r-D2D mode is impacted more severely by the residual SI than the f-D2D mode. This occurs because of the r 2 being used, which increases ρ e and therefore r-D2D transmission powers, which in turn leads to more SI for the r-D2D UEs.
We also look at the effect of imperfect SIC on the total network throughput in Figs. 13 and 14 for different values of r 1 and r 2 . In both cases, the figures show that increasing ζ deteriorates the network throughput due to the imposed SI on the FD links. The HD-network is included in the figures to benchmark the FD-D2D with imperfect SIC. Figs. 13 and 14 show a ζ dependent threshold where the HD-network outperforms the FD-network when ζ is high. In particular, Fig. 14 shows that if the network parameters are properly tuned, higher ζ values become more tolerable allowing the FD-network to outperform the HD-network. This highlights the importance of properly tuning the network parameters allowing, theoretically, the FD-network to always outperform the HD-network.
G. Effects of the D2D Link Distance Distribution
Finally, we inspect the effect of the link distance distribution parameter ω on the network throughput in Fig. 15 . The figure shows that increasing ω increases T n for a given T d . This can be explained by the fact that larger ω values give higher weights to shorter distances, which results in less D2D transmission power due to the employed power control, and hence, less network interference and improved network throughput.
VII. CONCLUSION
This paper presents a tractable framework for large-scale cellular networks overlaid with FD-D2D UEs that have imperfect SIC capabilities and a tunable D2D link distance distribution. We first propose a flexible network design where the flexibility comes from imposing tunable design variables that control the extent to which D2D communication is enabled in the network along with the interference protection provided for cellular users. We also propose a disjoint mode selection for the forward (f-D2D) and reverse (r-D2D) links, which depends on their relative positions from the nearest BS. To carry out our analysis, we propose an accurate approximation for the PDF of the distance between the r-D2D UE and its nearest BS. We then characterize the aggregate interference and derive the outage probability and ergodic rate. The results show that enforcing all potential D2D links to operate in D2D can severely degrade the network performance due to the imposed interference. Hence, the extent to which the D2D is enabled in the network has to be carefully tuned to balance the tradeoff between spatial frequency reuse and aggregate interference level. Due to the imposed aggregate interference, the FD-D2D communication does not double the network rate when compared to the HD-D2D operation even with perfect SIC at the optimal design variables. Nevertheless, FD-communication offers non-trivial gains compared to its HD counterpart, if the design parameters are carefully selected (64% in Fig. 6 ). In the case of imperfect SIC, a minimum level of SIC is required to achieve gains from employing FD-D2D compared to the HD-network. However, if the network parameters are tuned carefully, this minimum level of SIC can be decreased. Finally, we investigate the effect of the link distance distribution on the FD-network performance and show its prominent effect. While this paper shows potentials for FD-D2D communication, it also highlights the importance of sophisticated interference management to maintain an acceptable outage probability and boost the harvested FD gains. 
Define P r e =r c 2 as the probability that at least one BS lies in the crescent in Fig. 2 . Due to the PPP assumption the number of BSs in an area is a Poisson RV and P(no BSs lie in crescent) = e −λ A . Therefore, by definition P r e =r c 2 = 1 − e −λ A .
The probability that the f-D2D UE lies closer to the r-D2D UE than its nearest BS, P r c >r d , is:
Using Jensen's inequality, 2 , and E[r c r d cos θ ] = 0 due to independence. We thus approximate the mean of r c 2 as,
and μ r c 2 |rc
The conditional PDFs are evaluated as follows,
By integrating, the conditional expectations follow as,
When r c > r d the mean of r e ( = r c 2 ) is approximated by
. This is because the r-D2D UE lies outside the crescent and we find r e ( = r c 2 ) by averaging between the inner and outer radius of the crescent due to the distribution of the BSs being homogeneous. When r c < r d , the r-D2D UE lies inside the crescent. To approximate the mean of r e = r c 2 , the averaging (due to homogeneity) is done assuming the distance from the r-D2D UE to the boundary of the arc varies from 0 to r d − r c half the time and from 0 to r c 2 for the other half; this results in the term
. These result in the approximation in (3).
APPENDIX B PROOF OF LEMMA 1 & LEMMA 2 1) Lemma 1: An r-D2D UE transmits if it satisfies the maximum transmit power constraint and the IP-condition. Hence,
Lemma 1 is obtained by evaluating the above integral with f r d (·) given in (1) and F r e (·) obtained from (2).
2) Lemma 2: an f-D2D UE transmits if it satisfies the IP-condition and the maximum transmit power constraint. Hence,
This can be calculated using similar steps to the proof of the r-D2D case shown above.
APPENDIX C PROOF OF LEMMA 3
Denote by Z the maximum allowed distance between a D2D pair for the f-D2D UE to be transmitting i.e. Z = min
. For a D2D pair to be operating in FD we require both the r-D2D and f-D2D UE to be transmitting. Thus, P F D = P(r-D2D is transmitting ∩ f-D2D is transmitting) = P r Denote by X c and X d the unconditional transmit powers required to invert the channel to the nearest BS and r-D2D UE, respectively; hence, X c = r , πλ
We obtain E[P 
APPENDIX E PROOF OF LEMMA 5
Denote by X i and X e the unconditional transmit powers required to invert the channel to the nearest BS and f-D2D UE, respectively; hence, X i = r We obtain E[P α e ] by the interferers in mode κ is denoted by U κ , hence U κ for κ ∈ {d, e} is U d and U e , respectively, while U c = λ. Due to the independence of fading, we have (1), and (2) follows from using the PGFL of the PPP. Using the MGF of h ∼ exp (1), (3) is obtained. Continuing the integration in (3) and applying a change of variables, we arrive at the LTs of the interferences in Lemma 7.
